Bimetallic gold-silver core-shell nanoparticles were prepared by chemical reduction in aqueous solution, following a method that was friendly to the environment, allowing us to use this for medicinal purposes. Gold nanoparticles were synthesized, and silver cations were then reduced on the nanoparticles. Using the optical properties of metallic nanoparticles, surface plasmon resonance was determined by UV-Vis spectroscopy, and the values obtained for gold and silver were approximately 520 nm and 400 nm in wavelength, respectively. The absorption peaks of the surface plasmon band show a clear red-shift due to size effect in the case of the silver surface, and a plasmon coupling effect, in the case of gold. To obtain a better understanding of the coating conditions, high resolution transmission electron microscopy was used. The average hydrodynamic size and the size distribution of the synthesized nanoparticles were obtained by dynamic light scattering. The development of this process, which is benign for the environment, opens the possibility for many applications in the areas of renewable energy, medicine and biology.
Introduction
The size reduction of materials to the nanometric scale brings important effects on their optical properties [1] . The size dependence of these properties falls into two groups: the first one includes those properties related to changes in the energy levels of system, passing from a continuous system to a discrete system; and the second one includes those properties related to surface plasmon resonance [1] (SPR), which is the coherent excitation of all the free electrons in the conduction band produced by a beam of incident light [2] [3] . SPR can be influenced by the factors that modify the charge density on the surface of the nanoparticle, such as its morphology, composition, adsorbates, intermolecular distance and dielectric properties of the metal as well as the surrounding medium [3] [4] . Nanoparticles of gold and silver, in particular, have received a lot of attention due to the wavelengths at which SPR occurs, approximately 520 nm and 400 nm respectively, which are in the visible range of the electromagnetic spectrum [2] .
Silver nanoparticles have been found to have interesting properties in the field of medicine, particularly against fungal and viral infections, inflammation, angiogenesis, platelet aggregation and cancer cells [5] [6] . Gold nanoparticles also have possible therapeutic applications, including activity against HIV, angiogenesis, malaria and arthritis. They can be used for the production of bio-hydrogen [6] - [8] ; since the SPR is in the visible range, they have applications for the diagnosis and treatment of cancer, for medical biosensors, drug delivery, DNA analysis, and even as light activated nano-scale heaters [6] [9] [10] .
By combining these two metals within the same structure, two possibilities may arise: 1) a single SPR, if both metals combine to form an alloy [11] - [13] ; or 2) two continuous and independent SPRs, if they form core-shelltype structures [11] [13] [14] . In both cases, the SPRs are restricted to the range between 520 and 400 nm [2] [11]- [14] , with, for core-shell-type structures, some small shifts affecting the SPR [2] - [4] . These characteristics can lead to interesting applications in optics, as well as for medical diagnoses [3] [4] [6] . They could even be used for photothermal treatments of diseases like cancer [3] [6], using the SPR emitted photos presenting larger energy they absorbed [3] .
Various methods have been developed to obtain gold-silver core-shell-type bimetallic nanoparticles, using sodium borohydride (NaBH 4 [9] . Unfortunately, all these compounds have a high environmental impact, which would preclude a fortiori their use for medicinal purposes. There is a growing need to develop a green synthesis of nanoparticles [15] , therefore, it is proposed in this work to use sodium citrate (Na 3 C 3 H 5 O(COO) 3 ) and ascorbic acid (L) (C 6 H 8 O 6 ) as the only reducing agent and stabilizer, as both compounds are innocuous and safe for the environment.
Experimental

Reagents
Chloroauric acid (HAuCl 4 -Sigma-Aldrich, USA, ACS reagent) and silver nitrate (AgNO 3 -Merck Peruana SA, Peru, reagent for analysis) were used to prepare the core and the metal layer of the core-shell-type bimetallic nanoparticles. Sodium citrate (Na 3 C 3 H 5 O (COO) 3 -Sigma, USA), and ascorbic acid (L) (C 6 H 8 O 6 -Riedel-de Haen AG Seelze-Hannover, reagent for analysis) were used as reducing and stabilizing agents of the synthesized nanoparticles.
Instruments
The surface plasmon resonance of the nanoparticles was measured using a UV-Vis Spectrophotometer (Perkin Elmer LAMBDA 25). The samples were diluted with ultrapure water at a ratio of 1:3 at room temperature (about 20C). The mixture was then introduced in a glass cell with a 1 cm optical path length. The spectral wavelength range used was from 300 to 800 nm.
The size distribution and the average hydrodynamic size of the synthesized nanoparticles were measured by dynamic light scattering (DLS-Brookhaven 90 Plus). The diluted mixtures of nanoparticles were analyzed using a cell with a 1 cm optical path length and a LaserMax monochromatic (658 nm) laser.
The morphology and size of the particles were studied by high resolution transmission electron microscopy (HRTEM) at the National Nanotechnology Laboratory, Research Center for Advanced Materials, Chihuahua, Chihuahua, Mexico.
Synthesis of Gold Nanoparticles (Seeds)
To prepare the gold nanoparticles, 10 mL of HAuCl 4 (1 mM) and 4 mL of water were brought to a boil, then 6 mL of a solution of sodium citrate (35 mM) were added, maintaining the mixture under reflux for 15 min. With time, a change in the color of the solution from yellow to red-brown was observed. Once the reflux time was completed, the solution was allowed to cool for 30 minutes at room temperature and then for 30 minutes more in an ice bath.
Silver Coating of the Gold Seeds
In a 125 mL flask, 20 mL of water and 0.1 mL of ascorbic acid (0.01 M) were mixed and kept under stirring. Then, 300 μL of the gold seed sol were added and stirred for 2 minutes. Finally, while still stirring, 30 mL of silver nitrate (0.01 M) were added drop by drop and stirring was continued for 30 minutes at room temperature.
Results and Discussion
Synthesis of Gold Nanoparticles (Seeds)
To form nanoparticles by homogeneous nucleation, reduction of the Au 3+ ion must take place, followed by an aggregation process of these reduced species. The reduction of Au 3+ ion to Au transforms a soluble cation into an insoluble metal atom, generating solid atomic species in a liquid medium. This process produces a large surface energy due to the high segregation of atomic species, which destabilizes the system and promotes the formation of colloidal aggregates. Since low precursor concentrations were used, the diffusion of gold atoms on the nanoparticle surface takes place slowly and directionally.
The number of particles with enough energy to overcome the critical energy barrier increases with temperature. For this reason, the synthesis of gold nanoparticles was carried out at the boiling point of the mixture (see Table 1 ).
Nanoparticles are metastable due to their high surface to volume ratio compared to bulk material and must be stabilized kinetically, since they are not thermodynamically stable. Stabilization in this case was accomplished using sodium citrate, which is electrostatically bonded to the surface of the nanoparticles by cationic intermediates, and generates electrostatic repulsion through its surface charge. Decreasing the amount of stabilizing agent or the surface charge will cause the particles to form aggregates and possibly precipitate.
The SPR value obtained for the gold nanoparticles was 521.4 nm, a value consistent with the Mie theory (see Table 1 and Figure 1 ). 
Silver Coating of the Gold Seeds
The presence of gold seeds causes a controlled reduction (B) of the silver salt [16] , through a process of heterogeneous nucleation on the surface of the gold nanoparticles. The conditions for the deposition of the silver layer were different from those used for the synthesis of the gold seeds. In this case, the system is not exposed to high temperature as before, so that the activation energy for nucleation of the solid phase is smaller. Since the energy barrier is higher, the number of silver nuclei capable to overcome this barrier will be lower, migrating to reduce the total free energy, generating growth on the surface of gold seeds.
The pH of the mixture of ascorbic acid and gold nanoparticles was below 6, so that the equilibrium in Equation (1) is shifted towards the formation of citric acid.
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This in turn partially unprotects the gold NPs, and leave them exposed for the second growth stage, during which ascorbic acid is oxidized and silver is reduced, forming metallic silver. At a later stage, ascorbic acid may be degraded by decarboxylation and the silver takes over as growth agent for the nanoparticle, so as to obtain the desired core-shell structure.
The silver ions, in presence of ascorbic acid, are reduced to silver atoms, producing dehydroascorbate, itself hydrolyzed to 2, 3 diketogulonic acid, and eventually decomposed by decarboxylation. The process is controlled by diffusion, thanks to the constant stirring provided to the system. The processes occurring during particle growth through reduction are conventionally described by the following steps: 1) diffusion of the growth species to the surface; 2) adsorption of these species; and 3) irreversible incorporation of these species to the surface (the growth step itself), where stable metal-metal bonds are formed. This latter step is the most important as it provides the shape of the coating.
As can be seen in Figure 2 , the coating is fairly homogeneous. Since deposition was carried out at low concentrations, the growth process is expected to be diffusion controlled. However, one can expect that on the surface of the nanoparticle, some surface phenomena will take place, as the nanoparticles, aside from being spherical, have a polydispersity between 28% and 32% (see Table 1 ).
The value of the SPR wavelength for silver in the core-shell structure was found to be 407.6 nm, which is within the expected range of 400 nm to 410 nm (see Figure 1 and Table 1 ).
Comparing the SPR of gold as seed and as part of the core-shell structure (Figure 1) , one can see a red shift. This can be due to the existence of a region between core and shell where mixing takes place [3] [13] . This phenomenon would depend upon the coating thickness, and generate its own oscillation, coupled to those of the inner and outer surfaces. Mixing can be explained by the similar lattice parameters of gold (0.408 nm) and silver (0.409 nm) and their similar atomic radii (0.144 nm for both). The polydispersity found for the core-shell structures differs from that observed for the seeds ( Table 1) . This could be expected as a small number of silver nanoparticles may nucleate during the coating operation, increasing slightly polydispersity.
Conclusions
Gold nanoparticles were synthesized with a 40.1 nm mean hydrodynamic diameter, as well as gold-silver core-shell nanoparticles with a 64.3 nm mean hydrodynamic diameter and a 25.7 nm average diameter, as estimated by HRTEM.
The surface plasmon resonances obtained for the gold nanoparticles and the gold core of gold-silver core-shell nanoparticles were 521.4 nm and 570.0 nm respectively (see Table 1 ), showing the importance of the silver coating on the gold core.
The SPR of the gold-silver core-shell nanoparticles show two peaks at 407.6 nm and 570 nm, demonstrating the possibility of controlling the optical properties of gold and silver nanoparticles for applications in counter electrodes for solar cells. Such a work is currently under development.
